White lupin (Lupinus albus) is one of four economically important species of the Lupinus genus, and has been traditionally cultivated for thousands of years along the Nile valley, including in Ethiopia. An experiment comprising of 143 Ethiopian White lupin landraces and one genotype from Germany, was undertaken at Merawi in Ethiopia. The objective of the study was to cluster the Ethiopian white lupin accessions into similarity groups and assess the extent and pattern of diversity of the accessions. Data on 10 quantitative agronomic traits were recorded. Landraces significantly differed in most of the traits studied, and a significant number of local accessions performed as high as 5 metric tonnes per hectare of grain yield. Cluster analysis showed that landraces were grouped into seventeen clusters of different sizes, of which five were singletons. Some landraces were grouped together regardless of their geographic origin. On the other hand, landraces from Awi, South Gondar and West Gojam in Ethiopia were distributed over many clusters. Hence, the result did not support a definite relationship between geographic diversity and genetic diversity. Genetic distances between many pairs of clusters were significant, justifying crosses between parents from them to be desirable genetic recombinations and, hence, transgressive segregants.
INTRODUCTION
White lupin (Lupinus albus L., Fabaceae) is one of four economically important species of the Lupinus genus. It consists of over 300 annual species (Hondelmann, 1984) . The other three agriculturally important species of the genus are Lupinus angustifolius, Lupinus luteus and Lupinus mutabilis. Molecular evolution studies suggest that three of the four economic species originated from the Mediterranean, and eastern and northern Africa regions; while the fourth important species, Lupinus mutabilis originated from the New World (Wolko et al., 2011) . Lupins have an ancient history in agriculture, that trace back to more than 4000 years (Kurlovich, 2002) . Though, its domestication first occurred in the Mediterranean and eastern Africa, a real breakthrough that made lupin a modern agricultural crop occurred in Australia and Europe (Clements et al., 2005a) .
White lupin (2n=4x=50) is a widely known, commercially important, large seeded, annual species. It is a promising annual legume crop for human consumption, green manuring and forage. It has also substantial human nutrition and health importance (Hall, 2005; Lgari et al., 2005; Johnson et al., 2006) .
White lupin has been traditionally cultivated for thousands of years along the Nile valley, including in Ethiopia (Kurlovich, 2012) . It is locally known in Ethiopia as 'Gibto', and is mainly produced by small holder subsistence farmers around Lake Tana. According to the Ethiopian Central Statistical Agency (ECSA) (2013) report, 107,379 farmers cultivated lupin on a total area of 33,170.03 hectare in 2013 main cropping season. However, farmers' production efforts have not yet been supported by research and/or technology interventions (Yehyis et al., 2010; Atnaf et al., 2015) .
Knowledge of the genetic variation between and within populations is an important step for every management strategy directed towards the improvement and conservation of these populations (Xiao et al., 2008) . About 300 white lupin landrace accessions have been collected mainly from North Western Ethiopia, including Gojam and Gondar, and have been conserved at the Institute of Biodiversity Conservation of Ethiopia. With the exception of some passport data, these accessions have never been phenotyped and characterised for important agronomic and phenological traits including grain yield.
Multivariate analyses are useful approaches to characterising populations such as for White lupin, as it considers several agronomic parameters or traits simultaneously. Clustering takes a set of units into account to group them based on their observed characteristics. Principal components analysis is aimed at reducing the dimensionality. That is, it aims to find a smaller number of dimensions (usually 2 or 3) that exhibit most of the variation present in the data. This can help to identify the relative importance of individual traits. The objective of this study was to cluster the Ethiopian white lupin accessions into similarity groups and assess the extent and pattern of diversity of the accessions.
MATERIALS AND METHODS
One hundred forty three Ethiopian white lupin landraces received from the Biodiversity Conservation Institute (IBC) of Ethiopia, plus one sweet genotype from Germany, were used in this study. The landraces considered represent almost 50% of the total collections at IBC, Ethiopia. The collections were mainly from North Western Ethiopia, including Gojam and Gondar. There were few landrace accessions from South and North Ethiopia. Detailed description of the landraces are presented in Table 1. The landraces  were phenotyped at Merawi (11   o   42'N, 37   o 17'E) during 2013/2014 season, with supplemental irrigation. Merawi is located at 1,960 meters above sea level, and receives 1576.55 mm of rainfall per annum. Its soil is a nitosol with a pH range of 4.8 -5.5 (Yihenew, 2002) .
The trial was laid down in a 12 x 12 simple lattice design. A plot consisted of two rows, 2.5 meter long, with a spacing of 75 cm between rows and 25 cm between plants was used. Agronomic and plant protection practices were applied uniformly across plots for the duration of the experiment.
Grain yield was collected per plot and later converted to metric tonnes per hectare. Then, 100 seed weight, number of days from emergence to 50% flowering and 75% physiological maturity were also determined on plot basis. Number of pods per plant and seeds per pod, plant height, pod length and diameter, and number of branches on main axis were recorded on plant basis. Plant data were assessed on five plants, randomly taken from each plot. The data were checked for outliers and normality of residuals, using Breeding View of Breeding Management System, before proceeding to analysis (BMS, 2015) . Adjusted mean values (best linear unbiased estimators/ BLUE) for all the traits for further analyses were also generated using the same software.
Mean trait data were standardised to mean zero and unity variance in order to minimise biases due to differences in scales of measurement. Multivariate analyses such as Cluster Analysis and Principal Component Analysis, were used. The Principal Components Analyses were meant to identify large contributing traits to the total variation among the populations. Nonhierarchal, and hierarchal clustering of accessions based on the Average Linkage Method were performed using SAS (SAS, 2004) , and GenStat software (GenStat, 2013), respectively. Statistics, pseudo F statistic and pseudo t 2 statistic generated by SAS were examined to decide the number of optimum clusters.
Genetic distances between clusters, as standardised Mahalanobis's D 2 statistics were calculated as:
Where D 2 ij is the distance between cases i and j; x i and x j are the vectors of the values of the variables for cases i and j; and s -1 is the pooled within groups variance-covariance matrix.
The D 2 values obtained for pairs of clusters were considered as the calculated values of Chisquare (χ2) and were tested for significance at (1 and 5%) probability levels against the tabulated value of χ2 for 'P' degree of freedom, where P is the number of parameters considered (Singh and Chaudhary, 1985) .
Principal components based on correlation matrix, and Euclidian distances were calculated using GenStat software. One of the major reasons that analyses of principal components shall be based on correlation matrix was to standardise each variate (by subtracting its mean and dividing by its standard deviation), which is very useful as the parameters considered in this study did not share a common scale of measurement. Principal components having Eigen value greater than one was considered as significant and presented in the result.
RESULTS
Landraces were significantly different among themselves for most of the traits studied at genotypic and phenotypic levels (variances not shown). The performance of the landrace accessions phenotyped showed that there was a significant number of white lupin landraces which performed as high as 5 metric tonnes per hectare grain yield (Supplementary Table given) . A sweet narrow leafed lupin (Lupinus angustifolius) genotype, introduced from Germany, called Sanabor (Acc144), performed the least (1.01 tonnes per hectare) for grain yield; worse than the local landrace, Acc57 (2.66 tonnes per hectare). The landraces in general were late maturing, i.e. took a mean of 179 days to maturity. The earliest local accession (Acc12) took 168 days to mature, which was still long time. However, Sanabor (Acc144) was the earliest and took 131 days to maturity.
Different lupin diseases such as lupin rust, pleiochaeta root rot, brown leaf spot and phomopsis occurred at different pathogenic level on the local accessions. The severity of rust was scored using 1-9 scale, and some level of variability in resistance/tolerance of the local accessions were observed (data not shown). In general, the local accessions showed moderate resistance to lupin rust. Australian native budworm was observed in the present study at podding stage, on the local accessions.
Cluster analysis. The landraces were grouped into 17 clusters (Table 2 and Fig. 1) . Twelve of them comprised of more than one landrace accessions; whereas five clusters were singletons (each containing single accession). The first three clusters contained 100 (70%) accessions out of the total landraces considered. Cluster I contained 78 accessions (54%) out of 144; followed by clusters III, V and II containing 12, 11, and 10 accessions, in that order. Clusters XIII, XIV, XV, XVI, and XVII contained one accession each; whereas the other 8 clusters consisted of accessions ranging from 2 -7.
The local accessions used in this study were originally collected from different regions of Ethiopia, including West and East Gojam, Awi, Bahir Dar Zuria, South and North Gondar, North Omo, Gurage, and Mehakelegnaw (Table 3) . However, 95% of the accessions were from five zones; namely, West Gojam, East Gojam, Awi, South Gondar, and Bahir Dar zuria. Cluster I was mainly (about 90%) constituted by accessions from three bordering zones of Gojam namely: West Gojam, Awi and Bahir Dar Zuria. Among these, more than 56% were from west Gojam. Cluster VII consisted of accessions from a single origin, East Gojam. Similarly, cluster X was made up of mainly accessions from South Gondar. The four accessions that did not group and form four separate clusters were Acc10 (Cluster XIII), Acc3 (cluster XIV), Acc116 (cluster XV), and Acc20 (XVI). Three of these accessions (Acc10, Acc3, and Acc20) were collected from the same origin, Awi. The genotype from Germany (Acc144), Sanabor, did not group with any local accessions and was put in a separate cluster, XVII. This genotype is characterised by low grain yield, early flowering and maturity, less number of pods per plant, short, more branches, and is small seeded.
Cluster trait performance is presented in Table  4 . Clusters I, II, and III were not significantly divergent. These clusters' accessions were characterised as good yielders, relatively early to flower and mature, large seeded, large number of pods per plant; medium plant height, pod length and diameter, and number of branches on the main axis. Among the singleton clusters, Acc141, Acc80, Acc119, Acc99, Acc2, Acc5, Acc112, Acc24, Acc25, Acc61, Acc66, Acc36, West Gojam, East Gojam, Awi zone, Acc69, Acc48, Acc127, Acc60, Acc114, Acc7, Acc19, Acc63, Acc29, Acc41, Acc101, Acc137, Bahirdar zuria, South Gondar, North Acc21, Acc67, Acc109, Acc87, Acc102, Acc42, Acc65, Acc64, Acc82, Acc140, Acc38, Acc76, Gondar, Mehakelegnaw Acc97, Acc143, Acc50, Acc85, Acc68, Acc74, Acc79, Acc104, Acc26, Acc35, Acc4, Acc34, Acc78, Acc37, Acc71, Acc95, Acc47, Acc92, Acc88, Acc44, Acc81, Acc108, Acc40, Acc94, Acc96, Acc28, Acc9, Acc100, Acc17, Acc51, Acc75, Acc12, Acc27, Acc39, Acc70, Acc86, Acc14, Acc62, Acc90, Acc11, Acc72, Acc131 II 10(6.94) Acc23, Acc59, Acc133, Acc142, Acc111, Acc16, Acc135, Acc93, Acc6, Acc132 West Gojam, East Gojam, Awi zone, South Gondar, North Gondar, North Omo III 11(7.64) Acc22, Acc31, Acc126, Acc33, Acc113, Acc128, Acc125, Acc46, Acc91, Acc32, Acc103 West Gojam, East Gojam, Awi zone, South Gondar IV 7(4.86) Acc117, Acc118, Acc115, Acc54, Acc110, Acc56, Acc122 East Gojam,South Gondar V 11(7.64) Acc134, Acc58, Acc52, Acc98, Acc106, Acc15, Acc49, Acc138, Acc139, Acc83, Acc8 CL=Clusters; * & ** = Significant at 0.5 and 0.1 alpha levels, respectively cluster XIV contained an accession (Acc3) with the highest yield and relatively short plant height, large seeded, and large number of pods per plant. On the contrary, cluster XV having Acc116 was characterised by lowest yielder and small seeded. The other singleton cluster XVI contained one accession with the highest number of pods per plant, large seeded and average in grain yield. Pair-wise generalised squared distances (D 2 ) among the seventeen clusters are presented in Table 5 . There were 136 possible pair-wise genetic distances between any two clusters. Among these, only 9 genetic distances (between clusters I and II, I and III, I and IX, II and III, III and V, III and VI, IV and XI, V and XI, and X and XI) were not significant (p>0.05). The remaining genetic distances were significant (p<0.05), to highly significant (p<0.01). The maximum distance was found between clusters XVI and XVII (D 2 = 1697), and the distances between any cluster and cluster XVII (the cluster containing Sanabor) were maximum and very highly significant (P<0.01).
Principal component analysis (PCA).
The first three principal components were found to be significant (Eigen value greater than 1) and accounted for about 75% of the total variation (Table 6 ). The first PCA component explained 38% of the total variance, and the first and second PCA components accounted for 64% of the variation. Parameters that contributed relatively more with an Eigen vector value (0.424 -0.339) for the first PCA were grain yield, pod length, pod diameter, plant height, 100 seed weight and number of seeds per pod. Thus, this PCA was associated with yield and architectural traits of lupin. Most of the variations accounted to the second PCA were contributed by two phenological traits, days to flowering and maturity; and hence, this PCA was associated with growth duration of the accessions. The third PCA explained about 10.5% of the variation, and yield component traits such as 100 seed weight and number of pods per plant contributed much of its variation.
DISCUSSION
Presence of a significant genetic variation among Ethiopian white lupin landraces and the performance of significant number of landraces to levels as high as 5 metric tonnes per hectare grain yield, indicate a huge available genetic potency in terms of grain yield; which could easily be exploited through breeding and selection. A similar result was reported by Christiansen et al. (2000) , from Egypt, where he showed the importance of landraces for breeding. Another report by Gonzalez-Andres et al. (2007) , showed variability of Spanish white lupin local accessions for grain yield and its components. Some level of variability in resistance/tolerance of the local accessions were observed for lupin rust (data not shown). In general, however, the local accessions showed moderate resistance to lupin rust. Occurrences and importance of those white lupin diseases, and resistance breeding achievements have been reported in different parts of the world (Thomas, 2003; Thomas et al., 2008a; Luckett et al., 2009) .
The performance of Sanabor (the genotype introduced from Germany) was the poorest (1.01 tonnes per hectare). However, contradictory grain yield performance was reported by Yeheyis et al. (2012) in Ethiopia, whereby Sanabor performed better than our landraces. Nevertheless, these authors considered a few local accessions that could not represent the available huge diversity in the country. In any case, however, Sanabor could not perform comparably for grain yield with those local accessions performed as high as 5 tonnes per hectare.
Presence of highly significant variation in maturity between Sanabor and the Ethiopian landraces suggests that the former could be used as a source of genes for earliness to improve late maturing Ethiopian landraces. However, fertile segregating populations and/or hybrids under natural conditions, from inter-specific crossing between the two populations (landraces from Lupinus albus and Sanabor from Lupinus angustifolius) have hitherto not been reported, except fertile F1 and F2 plants (Kurlovich and Kartuzova, 2002; Clements et al., 2008) .
In our study, landraces were grouped into 17 diverse clusters containing significantly different landraces ranging from 1 to 78. About 90% of the landraces constituted the Cluster I and were from three bordering zones of Gojam namely: West Gojam, Awi, and Bahir Dar Zuria. This result indicates that there might have been exchange of seeds, and seed trade between farmers, and gene flow across boundaries of those areas (Forsberg et al., 2015) . On the other hand, accessions from non-bordering origins were entirely constituted by a particular cluster such as landraces from South Gondar and East Gojam constituent cluster IV, and those from North Gondar and North Omo form cluster VIII. A similar result on local field pea, and faba bean accessions in Ethiopia was reported by Gemechu et al. (2005) . One possible reason among others could be that the landraces were introduced from a similar source.
Landraces from the same origin were not all grouped into the same cluster, except accessions from Bahir Dar Zuria in which all the 10 accessions from this zone grouped into Cluster I. This result is in agreement with that of a Moroccan lupin local accessions. The local accessions were clustered regardless of their geographic origin (Sbabou et al., 2010) . Distribution of accessions of similar origin into different significantly divergent clusters, might indicate the diversity of accessions within the origin. The distribution of accessions from Awi, East Gojam and West Gojam, over different clusters, was quite high covering 10, 9, and 8 clusters, respectively. Moreover, each of the three singleton clusters contained accessions from Awi. This might suggest that accessions from Awi were more diverse than others. The distribution and patterns of accessions, over different clusters from these three major geographic origins, would suggest future collections of local accessions in those geographic regions with particular emphasis on Awi, followed by East Gojam, and West Gojam for future national collection mission in white lupin. Supportive results that Ethiopian accessions formed a very distinct and separate grouping/gene pool than others, was reported from Australia (Raman et al., 2014) .
The maximum distance among Ethiopian accessions lies between Clusters XV and XVI (D 2 = 217.23); followed by distances between clusters XIV and XV (D 2 =194.18), and VII and XIV (D 2 =174.11). Those cluster pairs that exhibited the first two maximum genetic distances were all singletons. Maximum genetic recombination and variation in the subsequent generation, is expected from crosses that involve parents from the clusters characterised by maximum distances. Thus, it could maximise opportunities for transgressive segregation, since a higher probability that unrelated accessions would contribute unique desirable alleles at different loci.
Genetic distance, as good indicator of transgression and heterosis, has been reported by several authors on many crops (Mulugeta et al., 2013; Pickup et al., 2013) . Hence, the attempt to cluster Ethiopian white lupin accessions using multivariate analyses, in the present study, is a significant precursor to initiating a white lupin breeding programme. However, the selection of parents for a particular cross should also consider the special advantages of each cluster and accession within a cluster, depending on specific objectives of hybridisation programmes. Members within a cluster are assumed to be more closely related, in terms of trait under consideration than with members in different clusters (Saeed et al., 2008; Million, 2012; Habtamu and Million, 2013) .
Principal components analyses in this study showed that the first three PCAs explained about 75% of the variation. The amount of explained variance by the first PCA and parameters that contributed relatively more, clearly indicated that grain yield and architectural traits of lupin are important traits that could be considered for lupin breeding and selection. Two important phenological traits, for days to flowering and maturity, accounted most of the variations explained by the second PCA. A similar finding on common bean in Ethiopia was reported by Hirpa et al. (2013) .
CONCLUSION
There exists high genetic diversity in the Ethiopian white lupin landraces, and a significant number of landrace accessions yield as high as 5 metric tonnes per hectare of grain. However, the extent and pattern of the existing genetic diversity does not strictly follow the geographic origins. Most of the genetic distances between clusters are significant, suggesting desirable genetic recombination and variation in subsequent generation from crosses that involve parents from those clusters characterised by maximum distances. Thus, this could maximise opportunities for transgressive segregation as there is a higher probability that unrelated accessions would contribute unique desirable alleles at different loci. Hence, the attempt to cluster Ethiopian white lupin landraces using multivariate analyses with the present study is of practical importance to start a white lupin breeding programme. On the other hand, the distribution and pattern of landrace accessions over significantly different clusters from the three major geographic origins would suggest future collections of local accessions in those geographic regions with particular emphasis to East Gojam, followed by Awi and West Gojam in that order of importance for future national collection mission in white lupin.
